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2150-Pos Board B136
Temperature Dependence of the Mechanical Unfolding of Single Ubiquitin
Proteins
Ionel Popa, Sergi Garcia-Manyes, Julio M. Fernandez.
Single molecule atomic force microscopy (AFM) in force-clamp mode was
used to study the effect of temperature on the mechanical unfolding of polyu-
biquitin. Single protein chains were extended at a constant force and the unfold-
ing of individual domains was measured from the staircase increase of the
contour length. The unfolding rate constant at each pulling force and medium
temperature was obtained from the exponential fit to the ensemble averages of
the contour length traces. The unfolding rate at zero force and the distance to
transition state were then calculated from the force-dependent rate constants.
By varying the temperature in the 5-45 C range and the pulling force in the
70-210 pN interval, we find a significant thermal effect on unfolding. Fitting
the temperature dependant unfolding rate at zero force k to the Arrhenius equa-
tion k =A exp(-Ea/kT) yields an activation energy Ea of 875 5 kJ/mol and an
exponential pre-factor A ~ 2.3$1012 s1. The exponential pre-factor yields
a similar value to predictions of statistical mechanic calculations derived by
the transition state theory (TST), of (5.8-6.6)$1012 s1 for the considered tem-
peratures. This correlation suggests that the unfolding of proteins is not subject
to frictional effects and that all interactions with the solvent molecules favor the
unfolding, independent of the collision angle. This finding will prove important
in assessing the energy landscape of unfolding proteins as a transition state
process.
2151-Pos Board B137
Role of Internal Cavities as Determinants of Pressure Unfolding of
Proteins
Jose A. Caro, Julien Roche, Jean-Baptiste Rouget, Jamie Schlessman,
Angel E. Garcı´a, Catherine A. Royer, Bertrand Garcı´a-Moreno.
Pressure unfolds many proteins. In contrast to acid, heat and chemical denatur-
ation, which have been studied with many proteins and which are relatively
well understood, the molecular determinants of pressure unfolding of proteins
are not known. Volume is the conjugate variable of pressure; therefore, the
pressure unfolding of proteins is governed by differences in volume between
the native and the unfolded ensembles. What is less obvious is where the dif-
ferences in volume originate. Among the possibilities that have been consid-
ered are volume changes related to conformational fluctuations, volume
changes related to hydration, and volume changes related to the loss of cavities
present in the folded state. We have examined the role of cavities as determi-
nants of pressure unfolding systematically, using staphylococcal nuclease as
a model system. Ten different variants of a highly stable form of nuclease
were engineered with single site substitutions in the hydrophobic core, de-
signed to create cavities in the interior of the protein. High resolution crystal
structures of all proteins were obtained to examine the state of the cavities
and as starting structures for calculations of internal void volume with MD
and MC methods. Pressure unfolding monitored with Trp fluorescence was
used to measure volume changes upon unfolding. Our ultimate goal was to de-
termine if volume changes measured in the equilibrium thermodynamic exper-
iments correlated with the size of the cavities observed in the proteins. The
mapping of experimentally determined cavity persistence ratios, combined
with simulation data, provides new insight into the subtle interplay between lo-
cal dynamics, water penetration, and structural properties of cavities in deter-
mining volume changes upon unfolding. Overall, the data suggest that
internal cavities are one of the main determinants of the pressure-induced un-
folding of proteins.
2152-Pos Board B138
Differences in Structural Rigidity between Thermophilic Proteins and
their Mesophilic Homologues
Andrew Harter, Andrew J. Rader.
The source of increased stability in proteins from organisms that thrive in ex-
treme thermal environments is not well understood. These proteins from ther-
mophilic organisms can maintain biological functions at elevated temperatures
which would render ordinary (mesophilic) proteins denatured and dysfunc-
tional. Understanding the mechanisms responsible for thermostability has the
potential to impact how effectively we can engineer thermostable analogues
of proteins with specific functionalities.
If enzymes require some flexibility to function properly at their optimal temper-
atures, it follows that investigation of these structures at other non-native tem-
peratures should reveal a different degree of conformational flexibility. Under
such a corresponding states model, homologous mesophilic and thermophilic
enzymes should have comparable catalytic efficiencies at their respective opti-mal temperatures because optimal activity requires a fixed degree of conforma-
tional flexibility in the active site. For thermostable enzymes, this catalytically
required increase in flexibility only occurs at elevated temperatures upon the
loss of local interactions. By logical extension, the remarkable stability of ther-
mophilic enzymes is then a result of these enzymes having an increased confor-
mational rigidity. If enzyme thermostability is dependent upon the underlying
structure and its rigidity, then one ought to observe a correspondence between
these traits. We hypothesize that the increased stability observed in thermo-
philic proteins is the result of an increased structural stability. This study inves-
tigates the various relationships between thermostability and structural
stability. Our results indicate that a large degree of thermostability can be ac-
counted for in terms of rigidity.
2153-Pos Board B139
Domain Swapping Promoted by Charges in the Hydrophobic Core of
a Protein
Jamie L. Schlessman, Victor S. Khangulov, Daniel A. Karp,
Michael J. Harms, Michael S. Chimenti, Bertrand Garcia-Moreno E.
Charges are more stable in water than in the dehydrated and relatively hydro-
phobic interior of proteins; therefore, internal ionizable groups usually destabi-
lize the native state. They can also stabilize alternative conformational states, as
illustrated here by two different variants of staphylococcal nuclease with Arg
substitutions at the internal positions Thr-62 or Val-66. In contrast to internal
Lys, Glu and Asp residues in nuclease studied previously, which titrate with
highly perturbed pKa values, Arg-62 and Arg-66 titrate with normal pKa values.
Crystal structures of the T62R and V66R variants are indistinguishable from
that of the reference protein except at the N-terminal b strand (approximately
residues 1 - 19), which in the structures of T62R and V66R variants is ex-
changed between neighboring molecules. In this domain-swapped state the
charged moieties of Arg-62 and Arg-66 are fully exposed to water, which is
consistent with their unperturbed pKa values. These domain-swapped proteins
illustrate potential consequences of the high affinity of charges for water: a sin-
gle mutation that introduces an ionizable amino acid into the hydrophobic core
of a protein can result in extensive structural reorganization. These novel exam-
ples of domain swapping as the result of a point mutation suggest an efficient
mechanism for the evolution of multimeric proteins but with potentially dele-
terious consequences. They suggest that ionizable groups are eliminated from
internal hydrophobic environments in proteins when they are not essential for
structural or functional reasons, not only because they destabilize the native
state, but also because they can compromise the solubility of proteins, by sta-
bilizing aggregation-prone states.
2154-Pos Board B140
Malondialdehyde as a Fluorescent Probe for Misfolded Protein in Cells
Rongqiao He, Ya Jie Xu, Min Qiang, Chan Shuai Han.
Malondialdehyde that is produced under the oxidative stress and other patho-
logical conditions results in changes in the structure and function of protein.
We incubated BSA, fibrinogen and other proteins with malondialdehyde and
then measured the changes in structure and function by using fluorescence, Thi-
oflavin-T fluorescence, CD, electron microscopy, as well as atomic force mi-
croscopy. A new fluorescence (lex 410 nm; lem 470 nm) was formed with
quantum yield 0.49 in the reaction of protein with malondialdehyde. Fibrinogen
was inactivated in the coagulation up to 5-hour incubation with malondialdeh-
dye. We also observed amorphous protein aggregations in the presence of alon-
dialdehyde. Moreover, the malondialdehyde-modified BSA could be
transferred into neuroglia cells and a light blue fluorescence in cytoplasm could
be detected under fluorescence microscope. This suggests that modification by
malondialdehyde induces misfolding of protein and the formation of a new
fluorescent protein derivative, which can be employed as a probe for misfolded
protein in living cells.
2155-Pos Board B141
Volumetric Characterization of Interactions of Protein Groups with Gly-
cine Betaine
Yuen Lai Shek, Tigran V. Chalikian.
We report the volumetric properties of N-acetyl amino acid amides with
unionizable side chains and oligoglycines in binary solutions of water and
glycine betaine, a protective cosolvent. We analyze these data within the
framework of a statistical thermodynamic formalism to determine the asso-
ciation constants for the reaction in which glycine betaine binds to the pep-
tide backbone and amino acid side chains replacing four water molecules.
The association constants are linked to the free energy of transfer of func-
tional groups from water to a glycine betaine solution, Gtr. Transfer free en-
ergy, Gtr is the sum of a change in the free energy of cavity formation, GC,
and the differential free energy of solute-solvent interactions, GI, in a concen-
trated glycine betaine solution and water. We compare our results with
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find little differences in GI for protein functional groups in urea and glycine
betaine solutions. Comparative analysis reveals that solute-cosolvent interac-
tions are favorable for the glycyl unit and the majority of amino acid side
chains in both glycine betaine and urea solutions. These results are consistent
with the picture in which the free energy of cavity formation, GC, is the de-
cisive factor determining the differential stabilizing/destabilizing action of
urea and glycine betaine.
2156-Pos Board B142
Examining the Structural Stability of C2B Domain of Synaptotagmin
B using Multi-Dimensional NMR Spectroscopy
Rhys Moore.
The non-classical secretion of Human Fibroblast Growth Factor-1 (hFGF-1) is
a poorly understood process. hFGF-1 is known to interact with the Ca2þ bind-
ing C2B chaperone protein, which escorts FGF-1 to the cytoplasmic side of the
cell membrane. The dual-alpha-helical structure of C2B has been well charac-
terized. It not only contains Ca2þ binding sites, but is also binds to Cu2þ. Re-
cent studies suggest that Cu2þ shares common binding sites with Ca2þ. In the
presence of these two metal ions, the 2 binding sites for copper assists in the
formation of the hFGF-1/C2B complex, specifically at the amino acid residues
Cys-277, Phe-278, Ser-279, Leu-294, Asp-309, Gly-320, Lys-331, Lys-324 and
Gly-384. In order to gain a better understanding of this complex reaction, it is
desirable to observe the structural stability of the C2B domain of Synaptotag-
min B by using multi-dimensional NMR spectroscopy and other biophysical
methods. Non-classical release of hFGF-1 presents a promising target for treat-
ment of cardiovascular, oncologic, and inflammatory disorders. Characteriza-
tion of the three-dimensional solution structure of the complex will provide
valuable insights on the design of novel therapeutic principle against hFGF-
1-induced pathogenesis.
2157-Pos Board B143
Effect of Ribosomal Surface on Nascent Chain Dynamics
Taisong Zou, Silvia Cavagnero, Banu Ozkan.
Protein synthesis inside the cell is remarkably complex. Various factors like
chaperones, enzymatic processing and ribosome can profoundly affect the se-
quence and nature of the events leading to protein folding in the natural envi-
ronment. Recent experiments confirm this fact and indicate that there is
continuous cross-talk between the ribosome and the translated nascent chain
as it emerges out of the exit tunnel. However, the specific ribosomal features
that regulate this process at the molecular level are still unclear. Using molec-
ular dynamics simulations, we study the effect of the ribosomal surface by com-
paring the folding behavior of ribosome-bound with that of ribosome-released
nascent chains. Our results show that electrostatic interactions due to the neg-
atively charged ribosomal surface play a role in the regulation of co-transla-
tional folding of nascent chain. Polymer theory calculations also support
these results.
2158-Pos Board B144
Effect of Confinement on the Folding Dynamics of Amyloid-Beta (21-30)
Protein: A Molecular Dynamics Study
Srinivasa Rao Jampani, Luis Cruz.
Confinement is an ubiquitous concept in protein dynamics and studying its ef-
fect on protein stability and folding kinetics is necessary to understand protein
folding in cellular environments. Confinement easily arises from the crowded
in vivo environment that include other proteins and membranes, among
others. Effects on the dynamics of the amyloid beta protein of Alzheimer’s
disease are know to be influenced by it proximity to lipid membranes and
other proteins. Here we aim at understanding the relative effects of confine-
ment on the dynamics and folding events of the amyloid beta protein fragment
(21-30). For this, we use molecular dynamics in explicit solvent to explore the
dynamics of this fragment in differently sized spherical confinement cavities.
The different radiuses of the cavities are achieved by dividing the solvent into
six different layers of immobile atoms. Starting from a simulation in bulk,
each subsequent simulation considers one additional layer of confinement.
In this way, the system is slowly taken from bulk to the more confined space.
Specifically, starting from a size of 24A˚ we decrease the radius of the confin-
ing spherical cavity to a minimum size of 14 A˚. We measure the change in the
free energy of the stretched conformation of the amyloid beta (21-30) by vary-
ing the confined cavity size. In addition, we study how this confinement af-
fects the stability of pre-formed beta-hairpin conformations by examining
possible conformational changes as a function of time along with the lifetimes
of these beta hairpin conformations relative to lifetimes observed in the bulk.
Lastly, we present results on mutations of the amyloid beta peptide (21-30)
that include the Dutch [Glu22Gln], Arctic [Glu22Gly] and Iowa [Asp23Asn]
mutations.2159-Pos Board B145
The Effects of Hofmeister Salts on the Cytochrome c Folding Pathway in
Solution and within Sol-Gel Glasses
Jamie L. Odden, Eric S. Peterson.
The ferric cytochrome c (Cyt c) (un)folding mechanism in the presence of steric
constraints and altered solvating water structure is examined. Sol-gel encapsula-
tion was used to constrain the protein to a volume slightly larger than the native
state. Hofmeister salts were added to alter water order. UV/VIS absorption spec-
troscopyandabasis spectra fitting analysiswereused todetermine thepopulations
of species present along the folding pathway. These species can be differentiated
by their axial heme ligands. Four species exist in solution: the native HM state
(His18/Met80), the partially folded HW (His18/water) and HH (His18/His33) in-
termediates, and the 5C (water) unfolded state. An additional unfolded state found
only within the sol-gel contains an unligated four-coordinate heme sequestered
from aqueous solution. In solution, the native HM state unfolds primarily into
the HH state, while unfolding within the gel produces comparable amounts of
the HH, HW, and four-coordinate states. This indicates that the steric constraints
within the gel pores hinder some backbone motions. Four anions (HPO4
2,
H2PO4
1, SO4
2 and Cl1) and three cations (Gdnþ1, Kþ1, and NH4
þ1) that lie
within the Hofmeister series were utilized. Gdnþ1 lies at one end of the series
and promotes unfolding of the protein. Presence of an additional ion can counter
the denaturing effects of the Gdnþ1 to an extent dependant on its proximity to
Gdnþ1 in the series. Both the (un)folding kinetics and the accessible conforma-
tions were found to depend on the identity of ions present. A model discussing
changes in protein stability as a function ofwater order and the hydrophobic effect
is used to interpret these results. Water order depends on the degree of confine-
ment in the gel pores and the properties of the ions present.
2160-Pos Board B146
Resolving Stability Contributions in the Consensus Tetratricopeptide
Repeat
Jacob D. Marold, Thuy P. Dao, Ananya Majumdar, Doug Barrick.
Repeat proteins are constructed from linear arrays of a common structural unit.
The physical characteristics that describe the resulting structure depend on the
sequence composition of the repeating unit, the number of repeats, and the ar-
chitectural arrangement of the units with respect to each other1.
The tetratricopeptide repeat is 34 amino acids in length, and consists of a pair of
anti-parallel ‘‘A’’ and ‘‘B’’ a-helices. Regan and coworkers have designed a con-
sensus TPR (cTPR) sequence and characterized the thermodynamic stability and
kinetics of folding of a series of cTPRs (1-10 repeats) with a ‘‘solubilizing’’ C-
terminal ‘‘S’’ helix2.3.4. Their stability data were fit using a homopolymeric
model in which the A, B, and S helices were treated as energetically equivalent,
although there are significant differences in sequence and packing between the A
and B helices. Because the A:B helix ratio was the same in all constructs studied,
the homopolymeric model was sufficient to model the thermodynamics of un-
folding, despite potential intrinsic energy differences between the different heli-
ces. Furthermore, the energy associated with each respective interfacial
interaction (AiBiþ1, BiAiþ1,BiSiþ1) was not able to be resolved.
To determine whether the A and B helices differ in intrinsic stability (DGA and
DGB), and whether interfacial stability (DGAB and DGBA) values are synony-
mous, we constructed a series of cTPRs that vary in length, and in the ratio
of A to B helices. In addition, we include constructs lacking the C-terminal
S-helix. Urea-induced unfolding transitions suggest cooperative folding with
a moderate level of nearest-neighbor coupling, as was found by Regan and co-
workers. Our results indicate that stability is heterogeneously distributed within
cTPR arrays. Although the A and B helices have similar intrinsic stabilities, the
energy arising from BiAiþ1 interactions contribute more to stability than their
AiBiþ1 counterparts.
2161-Pos Board B147
Folding Mechanism of a Helix-Turn-Helix Protein from Combined
13C-Edited IR and Mutational Studies
Ginka Buchner, Krista E. Amunson, Jan Kubelka.
Helix-turn-helix motifs are important super-secondary protein structural ele-
ments and excellent models for studying the mechanism of protein folding.
We have been investigating folding of a de novo designed 38-residue helix-
turn-helix motif alpha-t-alpha using IR spectroscopy with site-specific 13C iso-
topic editing. Our preliminary site-specific thermal unfolding data revealed
that alpha-t-alpha is most stable near the centers of both alpha-helices, and likely
unfolds from the helical termini and the loose turn region. To obtain more detail
about the distribution of thermodynamic stabilities along the structure, additional
six isotopically labeled proteins were synthesized and investigated using isoto-
pically-edited IR. The new site-specific thermal unfolding data support the pro-
posed folding mechanism, but reveal additional detail about the folding
mechanism. The roles of the individual residue-residue stabilizing interactions
were further studied by mutations, designed to destabilize the hydrophobic
